Using the Cryogenic High Accuracy Refraction Measuring System (CHARMS) at NASA's Goddard Space Flight Center, we measured absolute refractive indices at temperatures from 100 to 310 K at wavelengths from 0.42 to 3.6 microns for CaF 2 , Suprasil 3001 fused silica, and S-FTM16 glass in support of lens designs for the Near Infrared Spectrometer and Photometer (NISP) for ESA's Euclid dark energy mission. We report absolute refractive index, dispersion (dn/dλ), and thermo-optic coefficient (dn/dT) for these materials. In this study, materials from different melts were procured to understand index variability in each material. We provide temperature-dependent Sellmeier coefficients based on our data to allow accurate interpolation of index to other wavelengths and temperatures. For calcium fluoride (CaF 2 ) and S-FTM16, we compare our current measurements with CHARMS measurements of these materials made in the recent past for other programs. We also compare Suprasil 3001's indices to those of other forms of fused silica we have measured in CHARMS.
INTRODUCTION
The Cryogenic High Accuracy Refraction Measuring System (CHARMS) was developed at the NASA Goddard Space Flight Center (GSFC) to measure absolute refractive index (in vacuum) down to temperatures as low as 15 K with unsurpassed accuracy using minimum deviation refractometry. [1] [2] [3] Initially, CHARMS was developed in support of the optical design for James Webb Space Telescope's (JWST) Near Infrared Camera (NIRCam) 4 with an eye towards cryogenic refractive index measurements for a wide variety of infrared materials to serve the entire scientific community, both space-based and ground-based. To that end, CHARMS has supported a wide variety of international programs including JWST, the Keck Multi-Object Spectrometer for Infra-Red Exploration (MOSFIRE) 5 , the ESO UT1 CRyogenic high-resolution InfraRed Echelle Spectrograph (CRIRES) 6 and VLT K-band Multi-Object Spectrograph (KMOS) 7 and X-shooter near IR spectrograph 8 , the GMT Near Infrared Multi-Object Spectrograph (NIRMOS) 9 , the Euclid Near Infrared Spectrometer and Photometer (NISP) 10, 11 , NASA's Transiting Exoplanet Survey Satellite (TESS) 12 and Wide Field Infrared Survey Telescope (WFIRST) 13 , and the CHARIS high contrast imaging spectrograph for the Subaru telescope.
14, 15 CHARMS has now been used for measurements at wavelengths as low as 0.35 µm in the near UV and to temperatures as high as 335 K (62 C). Figure 1 is a photograph of CHARMS at GSFC.
For the present study, we used CHARMS to measure absolute refractive indices for lens materials for Euclid's NISP instrument, namely calcium fluoride (CaF 2 ), Ohara S-FTM16 glass, and Heraeus Suprasil 3001, a low hydroxyl ion content form of synthetic fused silica with suppressed absorption out to 3.0 µm in the IR. A main purpose of this study was to evaluate batch-to-batch index variability to characterize the batches of materials purchased to build NISP's lenses and to improve the tolerancing process in the NISP optical design, among other things. Table 1 summarizes batch information for each material, prism ID's, and apex angles along with wavelength and temperature ranges covered in CHARMS measurements. Table 1 -summary of batch information and CHARMS wavelength and temperature coverage for each NISP material; apex angles α are measured to an accuracy better than 0.5 arcseconds
PRESENTATION OF MEASURED INDEX DATA
Detailed descriptions of our data acquisition and reduction processes are documented elsewhere 16 , as is our calibration strategy 1 . We fit our raw, measured index data to a temperature dependent Sellmeier model of the form:
, where S i are theoretical strengths of resonance features in the material at wavelengths λ i . When dealing with a wavelength interval between wavelengths of physical resonances in a material, the summation may be approximated by typically only three terms (m=3). 17 With this approximation, resonance strengths S i and wavelengths λ i have no physical significance but are simply parameters used to generate adequately accurate fits to measured data. If these parameters are assumed to be functions of temperature, T, one can generate a temperature-dependent Sellmeier model for n(λ,T).
Historically, this modeling approach has enjoyed significant success for a variety of materials despite a rather serious sparseness of available index data to cover a wide range of temperatures and wavelengths upon which to base a model. Sadly, some designers have experienced disappointing performance in as-built lenses by extrapolating outside the ranges of applicability of published Sellmeier models. One solution to lacking measured index data has been to appeal to room temperature refractive index data at several wavelengths to anchor a model and then to extrapolate index values for other temperatures using accurate measurements of the thermo-optic coefficient at those temperatures which are much easier to make than accurate measurements of the index itself at exotic temperatures. Such extrapolation can be potentially dangerous, depending on the sample material in question and the required accuracy of index knowledge.
Meanwhile, with CHARMS, we directly measure index itself, densely sampling over a wide range of wavelengths and temperatures to produce a model with residuals on the order of (usually significantly less than) the uncertainties in our raw index measurements. For models for the NISP materials, we found that 3rd order temperature dependencies in all three terms in each of S i and λ i are adequate. The Sellmeier equation consequently becomes:
where, The Sellmeier model is our best statistical representation of the raw, measured index data over the complete measured ranges of wavelength and temperature and allows accurate computation of the derivatives of index with respect to those two parameters. All tabulated values for refractive index and its derivatives have been calculated using the Sellmeier coefficients found later in Section 4. Typically, measured index values agree with the fits to less than our measurement uncertainties found in Section 3. Three things to remember when applying these Sellmeier fits and coefficients: 1) do not attempt to apply the fit outside the stated range of applicability; 2) test the fits to assure you can reproduce any value in Tables 5, 6 , and 7; and 3) make sure to use all significant figures listed for each coefficient.
MEASUREMENT UNCERTAINTIES
CHARMS was designed specifically to minimize all sources of systematic errors in refractive index measurement and to provide measurements of highest achievable precision at both ambient and cryogenic temperatures. A non-exhaustive discussion which touches on the four most significant possible contributors to index errors has been published earlier. 21 As refractive index is a function of wavelength and temperature, likewise so is index measurement uncertainty. Tables 2, 3 , and 4 summarize estimated uncertainties for single index measurements for Suprasil 3001, S-FTM16, and CaF 2 , respectively. Figure 2 contains surface plots of these uncertainty values. These plots are distinctly different for each of these types of materials. Glasses which are good insulators (low thermal conductivity) tend to sustain higher temperature gradients at low temperatures such that knowledge of temperature of the part of the sample through which refracted light passes is less good. With short wavelength cutoffs near 350 nm, dispersion in the blue is relatively high. Thus, index uncertainty trends upward at low temperatures and short wavelengths at the same time. For good insulators with deep or far UV short wavelength cutoffs like fused quartz materials such as Suprasil 3001, dispersion in the blue is relatively low, so index uncertainty trends upwards mostly due to temperature uncertainty at low temperatures and not so much due to higher dispersion. For crystalline materials like CaF2 which have higher thermal conductivity, temperature gradients in the sample are low and knowledge of temperature at low temperatures is better. With a very short cutoff wavelength and low dispersion in the blue, CaF 2 's uncertainty plot is relatively low and flat. The slight increase in uncertainty above 1 µm for CaF 2 is due to slightly lower certainty in measuring beam deviations in the IR using a slit scan method with the IR detector versus scanning the slit image across a CCD image sensor for the visible and near IR. 
MEASUREMENT RESULTS
The coefficients for temperature-dependent Sellmeier fits of measured index to wavelength and temperature (to be used as prescribed in Section 3) for Suprasil 3001, S-FTM16, and CaF 2 are listed in Tables 5, 6 , and 7, respectively. The number of individual index measurements involved in each fit is listed in each table's legend along with the average absolute fit residuals and ranges of wavelength and temperature applicability for each fit. Note: the sensitivity of index accuracy when using the fit to the number of significant digits listed for each coefficient is unknown, so at least eight significant digits are reported for all coefficients (very likely more than needed).
For Suprasil 3001, the two melts measured were indistinguishable to within our measurement uncertainties, so all measured indices contributed to the single fit in Table 5 . The same was true for S-FTM16 (Table 6) was a barely discernable difference between the three batches compared to our index uncertainties. On balance, over all measured wavelengths and temperatures, prism SN2 had higher index than SN3 by 4.7E-6, and SN3 had higher index than SN1 by 1.0 E-5. Wavelength and temperature derivatives are the same for all three batches of CaF 2 , so one combined fit is represented in Table 7 . Average absolute fit residuals for each batch taken separately were very low: SN1 -3.2E-6; SN2 -2.5E-6; and SN3 -2.8E-6. Tables 8, 9 , and 10 contain absolute refractive indices of Suprasil 3001 computed from its Sellmeier fit along with its wavelength and temperature derivatives -spectral dispersion, dn/dλ, and thermo-optic coefficient, dn/dT, respectively. 
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